, diatomic species such as C 2 L 2 , 5 Si 2 L 2 , 6 Ge 2 L 2 7 and Sn 2 L 2 8 where L is either a phosphine ligand PR 3 or a carbene. This area has recently been extended to complexes with a cyclic triatomic centre Si 3 L 3 . 9 Theoretical studies played a crucial role through reinterpretation of the bonding situation and with predicting new structural scaffolds. 10 In particular, the case of monocentric complexes represents a striking example where theoretical studies have provided a useful guideline for synthetic endeavours.
2,10
The first divalent carbon(0) complex that was isolated is carbodiphosphorane C(PPh 3 ) 2 (Scheme 1). The molecule was synthesized by Ramirez et al. in 1961, 11 and structurally characterized by X-ray analysis in 1978. 12 Although the molecular structure featured a bent configuration, the bonding situation was for a long time described in terms of double bonds Ph 3 P=C=PPh 3 and the bonding was compared with carbenes or ylides. This was the starting point for exploring the possible extension of the bonding concept of carbones to a wider range of donor ligands. 10g,10i,14 Following the pioneering work of Kira et al. 15 and Escudié et al. 16 on heavy allenes and cumulenes, Takagi et al. have shown that the bonding concept of CL 2 is not limited to carbon as a central atom but that it can be expanded to the heavier homologues EL 2 (E = Si, Ge, Sn, Pb) . 17 Thus, the term "ylidone" has been coined to represent this new class of The bonding situation of the donor-acceptor bonds was investigated by the EDA method, which was developed by Morokuma 38 and by Ziegler and Rauk. 21 The bonding analysis focuses on the instantaneous interaction energy ∆E int of a bond A-B between two fragments A and B in the particular electronic reference state and in the frozen geometry AB. This energy is divided into three main components (eq 1).
The term ∆E elstat corresponds to the classical electrostatic interaction between the unperturbed charge distributions of the prepared atoms (or fragments) and it is usually The EDA-NOCV method 24 combines charge and energy decomposition schemes to split the deformation density which is associated with the bond formation, ∆ρ, into different components of the chemical bond. The EDA-NOCV calculations provide pair wise energy contributions for each pair of interacting orbitals to the total bond energy. The NOCV is defined as the eigenvector of the valence operator, V, given by Eq (2).
In the EDA-NOCV scheme the orbital interaction term, ∆E orb , is given by Eq (3).
[ ]
where The EDA-NOCV scheme thus provides information in terms of the charge deformation (∆ρ orb ) which leads to the chemical bonds and the associated energy change (∆E orb ). For more details we refer to the literature.
25b,25c
To obtain the bond dissociation energy (BDE) D e the preparation energy ∆E prep which gives the relaxation of the fragments into their electronic and geometrical ground states must be added to ∆E int .
The interacting fragments in the EDA-NOCV calculation of the molecules EL 2 are atom E in the excited 1 D electronic reference state and the ligands L 2 in the frozen geometry of the molecule. To calculate the dissociation energies, we calculated each fragment in its optimized geometry and derived ∆E by eq 4. Figure 1 shows the optimized geometries of the ylidones EL 2 at the BP86/TZ2P+ level of theory in the electronic singlet state and the available experimental data. 3-4,10a,42 The calculated triplet states are between 77.5 -19.5 kcal/mol higher in energy than the singlet species (See Supporting Information). The CASSF(2,2) calculations suggest that the molecules are well described with one determinant (Table S1 ). We discuss in the following only the results for the molecules in the singlet state. Figure 1 The calculated geometries are in good agreement with the few available experimental data. Similar observations were reported in previous theoretical studies. 10c,22,43 The theoretically predicted structures suggest some interesting trends for The homologue C(cAAC) 2 has not been isolated so far. The heavier dicarbene complexes E(cAAC) 2 and E(NHC) 2 (E = Si -Pb) have the same trend, i.e the bending angle at the central atom E in E(cAAC) 2 is always wider than in E(NHC) 2 . An explanation for the trend will be given in the section below where we discuss the EDA-NOCV results. Note that the E-C bonds in all molecules E(cAAC) 2 are clearly shorter than in E(NHC) 2 (E = C -Pb). The cyclic constraint in the dicarbene complexes E(bNHC) enforces more acute bonding angles at atom E than in E(NHC) 2 . The bending angle in the former compounds become even < 90 o when E = Si -Pb. Table 1 The NBO analysis of the frontier orbitals HOMO and HOMO-1 provides information about the degree of localization. Table 1 shows the numerical results. It becomes obvious that the largest contribution of the π-type HOMO and the σ-type HOMO is at the central donor atom E. There is a larger degree of delocalization of the HOMO in the heavier systems of EL 2 (E = Si -Pb) than in the carbones. The opposite trend is found for the HOMO-1 where the degree of localization exhibits the order C < Si < Ge < Sn < Pb.
Results and Discussion

D r a f t
The localization of HOMO and HOMO-1 as function of the substituents has the trend PPh 3 > NHC > bNHC > cAAC.
Scheme 3
Deep insights into the nature of the dative bonds is available from the EDA-NOCV calculations of EL 2 . Scheme 3a shows the interacting fragments for dative bonding, i.e. Thus, the bond strength decreases in the order CL 2 > SiL 2 > GeL 2 > SnL 2 > PbL 2 , which agrees with common chemical knowledge.
The most interesting information comes from the strength of the individual orbital terms to the total orbital interactions ∆E orb in EL 2 (see Scheme 3a). Table 2 It becomes obvious that bNHC is a weaker σ-donor but stronger π-acceptor than (NHC) 2 . The cAAC ligand in the heavier ylidones EL 2 (E = Si -Pb) appears as stronger σ-donor and stronger π-acceptor than NHC ( Table 2) The deformation density which is associated with the orbital interactions is shown in Figure 3 . The colour coding red→blue illustrates the direction of the charge flow. It is a nice feature of the EDA-NOCV method that it provides not only numerical results, but D r a f t that the change in the electronic structure which is associated with the orbital interactions can be visualized. The eigenvalues ν 1 -ν 3 are a measure for the size of the charge alteration, which does always correlate with the strength of the orbital interactions.
The EDA-NOCV results for the heavier tetrylones EL 2 show that the percentage contribution of the π-backdonation L←E→L when E = Si -Pb is much higher than in the carbones. The trend of the relative strength of ∆E π┴ CL 2 << SiL 2 < GeL 2 < SnL 2 < PbL 2 can be explained with the lower electronegativity of the atoms E. The percentage contribution of ∆E π┴ reaches in the lead compounds PbL 2 a similar size as the the (+,+) donation ∆E σ .
The above EDA-NOCV calculations were carried out with the closed-shell fragments which engage in dative bonds as shown in Scheme 3a.
Comparative calculations with open-shell fragments where the atom E is in the 3 P (ns 2 np x 0 np y 1 np z 1 ) ground state and the ligands have triple states (see Scheme 3b) have also been performed. It turned out that the change in the electronic structure of the fragments upon bond formation, which is given by ∆E orb , is always larger compared than for using closed-shell fragments. This is a very useful criterion for analyzing the nature of the bonding interactions. The only exception was found for C(cAAC) 2 . Table 3 shows the results for the compounds E(cAAC) 2 .The calculated value for the carbon compound ∆E orb = -953.5 kcal/mol is clearly smaller than the result which was obtained for dative bonds ∆E orb = -1053.7 kcal/mol (Table 2 ). For the heavier homologues E(cAAC) 2 with E = Si -Pb holds that EDA-NOCV calculations with dative bonds give weaker orbtial interactions than for electron-sharing bonds. Thus, the compound C(cAAC) 2 should be considered as allene which should written with double bonds (cAAC)=C=(cAAC) rather than as carbone (cAAC)→C←(cAAC). In contrast, the heavier systems are genuine ylidones (cAAC)→E←(cAAC). Table 3 It may be argued that the allene character of C(cAAC Note that the NHC compound C(NHC) 2 is a carbone (NHC)→C←(NHC) while C(cAAC) 2 has electron-sharing bonds.
There is a striking experimental example for the difference of the bonding interactions between the two carbene ligands. The silylene SiCl 2 can be stabilized by complexation with the NHC ligand in NHC→SiCl 2 . 44 The substitution reaction of the latter complex with cAAC gives cAAC-(SiCl 2 )-cAAC in the electronic triplet state rather than cAAC→SiCl 2 . 45 This can be explained with the greater propensity of the cAAC carbene for electron-sharing bonding.
It has been pointed out in earlier studies that carbones CL 2 have rather large negative partial charges at the central carbon atoms, due to the donation L→C←L:
10c
Ligands which are also π-acceptors may reduce the negative partial charge. The heavier less electronegative atoms Si -Pb might still have less negative charge or might even become positively charged. It is therefore interesting to inspect the charge distribution in the compound EL 2 which are shown in Table 4 . Table 4 The partial charges q(E) in EL 2 follow closely the order which can be expected from the π-acceptor strength of L and the electronegativity of E. The negative charge at carbon in the carbones CL 2 exhibits the order PPh 3 > bNHC > NHC > cAAC. Note that the partial charges indicate the amount of charge which is exchanged between the fragments and the polarization within the fragments. The trend of the charge flow is not necessarily the same as the associated energy change which is given by the EDA-NOCV calculations. The same trend for the charge flow as function of the ligands is also found for the heavier homologues EL 2 (E = Si -Pb) where positive charges q(E) are found in some complexes. Note that the order of the partial charges at atom E is not uniform but may depend on the ligand L: Table 5 A very characteristic feature of carbones are the rather large first and particularly the second proton affinities (PAs).
10c,e where the group-14 atoms E are in the oxidation state +4. Lead compounds in the oxidation state +4 are less stable than Pb(II) species, which is due to strong relativistic effects that stabilize the s atomic orbitals. This is also termed inert-pair effect. A thorough discussion has been presented by Kaupp. 46 
Summary and Conclusion
In this work we report the equilibrium structures of the compounds EL 2 for E = C - 
